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Abstract: Herein, we report the palladium-catalyzed direct
arylation of unactivated aliphatic C¢H bonds in free primary
amines. This method takes advantage of an exo-imine-type
directing group (DG) that can be generated and removed
in situ. A range of unprotected aliphatic amines are suitable
substrates, undergoing site-selective arylation at the g-position.
Methyl as well as cyclic and acyclic methylene groups can be
activated. Furthermore, when aniline-derived substrates were
used, preliminary success with d-C¢H arylation was achieved.
The feasibility of using the DG component in a catalytic
fashion was also demonstrated.

Amines are commonly found in approved drugs, agrochem-
icals, and other biologically important molecules.[1, 2] While
still an on-going challenge, the site-selective functionalization
of unactivated C¢H bonds[3] in amines would offer a straight-
forward approach to access various derivatives and analogues,
which should consequently impact the development of
pharmaceuticals and agrochemicals. During the past decade,
significant progress has been made in terms of the transition-
metal-catalyzed functionalization of unactivated aliphatic
C¢H bonds in amines by using directing group (DG)
strategies,[4] in which the amine moiety is often masked as
an amide,[5, 6] sulfonamide,[7] hydrazone,[8] or urea,[9] or teth-
ered with another DG[10] (Scheme 1 A). Albeit highly effec-
tive, these tactics typically require additional steps for the
installation and removal of the DG component. An ideal
approach would directly employ a free amine as the DG.
Recently, Gaunt and co-workers disclosed the first examples
of free-amine-directed catalytic activation of primary C¢H
bonds (Scheme 1 B); in their study, the use of bulky,
disubstituted amine substrates appeared to be important.[11]

It is likely that the main difficulties of directly using a free
amine as the DG result from the lack of backbonding when
coordinated to transition metals as well as the susceptibility of
amines to both oxidants and electrophiles.[12]

Inspired by the aforementioned challenge, we sought to
use an in situ generated, exo-type DG (with the p-bond of the
DG outside the metallacycle) for the direct C¢H activation of

free primary amines. Our laboratory has recently employed
an exo directing mode to realize the catalytic functionaliza-
tion of unactivated aliphatic C¢H bonds with oximes[13] and
hydrazones[8] (Scheme 1C, Y= O and N-PG). An intriguing
question is whether a regular imine (Y= CRR’) can be
employed as an effective exo-DG for C(sp3)¢H activation.
Compared to oximes and hydrazones, N-alkyl imines are
generally more labile towards hydrolysis; however, the
successful realization of such a transformation would enable
the use of free amines as substrates for remote C¢H
functionalization through in situ formation and removal of
the imine DG (Scheme 1D).[14–16] Seminal examples of using
aniline-derived imines as exo-DGs were reported by Sames
and co-workers in the total synthesis of rhazinilam[17] and the
core of teleocidin B4;[18] these syntheses involved the use of
stoichiometric amounts of platinum and palladium for
dehydrogenation, vinylation, and carbonylation reactions.
Herein, we describe the development of a Pd-catalyzed
direct arylation of the unactivated g- and d-C¢H bonds in free
primary alkyl amines and anilines by using an 8-formylquino-
line-derived exo-DG, which enables the functionalization of
methyl as well as acyclic and cyclic methylene groups.

Simple 2-butylamine (1a) was employed as the initial
model substrate. To generate the imine DG in situ, quinoline-

Scheme 1. DG-based strategies for amine C(sp3)¢H functionalization.
PG= protecting group.
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8-carbaldehyde (ArQCHO) was employed as the additive
owing to our previous success with this type of exo-DG.[13b]

After carefully examining a range of Pd precatalysts, addi-
tives, and solvents, the desired g-arylation product (3a) was
obtained in 75% yield when Pd(OPiv)2 was used as the
precatalyst, an aryl iodonium salt (Ph2IBF4) as the electro-
phile, base 2 as the additive, and dichloroethane (DCE) as the
solvent (Table 1, entry 1). The C¢H arylation occurred site-
selectively at the g-position, and no b-arylation was observed,
which is likely due to the preferred formation of the five-
membered palladacycle.

A series of control experiments were subsequently con-
ducted (Table 1). In the absence of either the Pd precatalyst
or quinoline-8-carbaldehyde, the desired product was not
observed (entries 2 and 3). The yield significantly diminished
when the reaction was run under air or at a lower temperature
(entries 4 and 5). The use of Pd(OAc)2 instead of Pd(OPiv)2

gave comparable results (entry 6). The counterion of the
iodonium salt slightly affected the efficiency of this trans-
formation, with BF4 being optimal (entries 7 and 8). A bulky,
non-coordinating substituted pyridine base (2) was employed
to neutralize the HBF4 generated, but insoluble inorganic
bases, such as Ba(OH)2, were also effective (entry 9). Finally,
whereas DCE proved to be the best solvent (entries 10 and
11), the reaction tolerated a stoichiometric amount of water
(entry 12).

The substrate scope of the g-arylation was then explored
(Table 2). Although the arylated free amine products could be
isolated upon workup (see below, Scheme 2), for ease of
isolation and also owing to the volatility of the alkyl amines,
all of the products were isolated as the benzoylamide
derivatives. Aryl groups with various electronic properties
were installed under the reaction conditions (4a–4h). Fur-
thermore, primary, secondary, and tertiary alkyl amines are all
suitable substrates for this reaction (4 i–4 l). A number of

functional groups, including electron-rich arenes (4g, 4q, and
4r) and benzyl ethers (4o, 4s, and 4t) as well as methylene-
dioxy (4r), cyano (4s), and nitro (4t) groups, were compatible
with the reaction conditions. It is noteworthy that aryl
chlorides (4p), bromides (4c), and iodides (4d), although
known to undergo Pd-catalyzed arylation reactions,[5–7] were
tolerated by this catalytic system, so that they can be used as
a handle for further functionalization. Remarkably, both
cyclic and acyclic methylene C¢H bonds can be arylated with
good efficacies (4 u–4 w).

Isolation of the free amine products proved to be feasible.
After a simple workup with methoxyamine, free amine
product 3a, though volatile, was still isolated in 61% yield
on a 3 mmol scale (Scheme 2A). Furthermore, 3a could be

Table 1: Control experiments for the g-arylation of amine 1a.

Entry Variations from the standard
conditions

3a
[%][a,b]

Unreacted 1a
[%][a,b]

1 – 75 10
2 no Pd(OPiv)2 0 73
3 no ArQCHO 0 50
4 under air 36 18
5 at 70 88C <10 74
6 Pd(OAc)2 instead of Pd(OPiv)2 71 7
7 Ph2IOTf instead of Ph2IBF4 61 24
8 Ph2IPF6 instead of Ph2IBF4 65 18
9 Ba(OH)2 instead of 2 56 23
10 in CHCl3 41 29
11 in PhCl 24 54
12 with H2O (1 equiv) 70 15

[a] Determined by 1H NMR spectroscopy using 1,1,2,2-tetrachloroethane
as the internal standard. [b] Sum of the protonated amine and the
corresponding imine condensed with ArQCHO. Piv =pivaloyl, Tf = tri-
fluoromethanesulfonyl.

Table 2: Substrate scope with various alkyl amines.[a]

[a] All yields refer to the isolated products. Unless otherwise noted, the
gem-diarylation products were observed in less than 5%. [b] Benzoyla-
tion procedure: MeONH3Cl (4.0 equiv), NEt3 (0.3 mL), RT, 2 h; then
Bz2O (8.8 equiv), RT, 12 h. [c] 100 88C. [d] 105 88C. [e] 64 h. [f ] The 1,1- and
1,5-diarylation products were isolated in a ratio of 1:4; the 1,5-diarylation
product was formed in 3:1 d.r. For details, see the Supporting
Information. Bz =benzoyl.
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directly isolated from the reaction mixture (without methoxy-
amine workup) by chromatography, affording 3a in only
slightly decreased yield while recycling most of the ArQCHO
(Scheme 2A). Furthermore, owing to the reversibility of the
imine formation, the use of a catalytic amount of ArQCHO
was examined. To our delight, moderate catalytic activity was
observed, suggesting that imine formation and hydrolysis are
compatible with the C¢H arylation conditions (Scheme 2B).
Higher yields were obtained when the oxidant and base were
added in two batches.

Apart from alkyl amines, preliminary success was also
achieved for the C¢H arylation of aniline-derived substrates
(Table 3). When 2-tert-butylaniline (5a) was employed as the

model substrate, d-arylation was achieved under modified
reaction conditions (for detailed optimization studies, see the
Supporting Information). ArQCHO again afforded the opti-
mal DG. Whereas generating the DG in situ provided the
desired arylation product, higher yields were achieved when
the imines were preformed simply by premixing ArQCHO
and the amine substrate for 1 h and removing the solvent
in vacuo. Interestingly, SbPh3 is an effective additive to
achieve consistent yields, although its exact role remains
unclear. Molecular sieves (4 è) are critical for the arylation of
aniline 5a. Saturation of the molecular sieves with water
(100 mL added) led to no significant drop in yield, though
their replacement with base 2 inhibited the reaction.[19]

1-Adamantanecarboxylic acid (AdCO2H) also played a piv-
otal role, likely promoting the C¢H cyclopalladation step.
Unlike the g-arylation reaction, this transformation can
tolerate air. Moreover, the aniline products could be directly
isolated upon workup without the need for further derivati-
zation.

To better understand the role and coordination mode of
the exo-DG, we sought to explore the reaction of imine 7 with
stoichiometric Pd (Scheme 3).[20] Gratifyingly, palladacycle 8
was formed when using HOAc as the solvent and subse-
quently isolated, which enabled its characterization by X-ray
crystallography. Interestingly, when CD3COOD was used as
the solvent, no deuteration of the tert-butyl group was
observed, suggesting that the cyclometalation might not be
an equilibrium process under these conditions.[6q] The crystal
structure of 8 shows that while still maintaining a square-
planar geometry, the Pd center is removed from the quinoline
plane by 1888, which was not the case for a previously reported
palladacycle formed by amide-directed C¢H metalation.[6q]

In summary, we have developed a method for the
palladium-catalyzed direct arylation of C(sp3)¢H bonds in
free primary amines. Using an in situ generated imine exo-
DG, a range of unactivated aliphatic C¢H bonds, including
methyl as well as cyclic and acyclic methylene groups, were
site-selectively activated. Given the excellent functional-
group compatibility and the ubiquity of amine functional
groups, it is expected that this method will streamline the
synthesis of nitrogen-containing compounds. The use of in situ
generated exo-DGs through the formation of dynamic
covalent bonds should also have broad implications beyond
this work. Efforts towards expanding the scope of this process,
particularly with aniline substrates, and enhancing the cata-

Scheme 2. Further studies on C¢H g-arylation. [a] A second batch of
the oxidant and base was added after 18 h. [b] Determined by 1H NMR
spectroscopy using 1,1,2,2-tetrachloroethane as the internal standard.
The product was observed as a mixture of the protonated amine and
the corresponding imine after condensation with ArQCHO. [c] Mono/
di = 1:1.4. [d] Mono/di =1:1.5. brsm= based on recovered starting
material.

Table 3: Substrate scope with aniline-derived substrates.[a]

[a] Yields of isolated products are given. [b] Added in two portions.
[c] Yields determined by 1H NMR spectroscopy using 1,1,2,2-tetra-
chloroethane as the internal standard; the ratio of the mono- and
diarylated products is given in parentheses. Ad =adamantyl. Scheme 3. Stoichiometric formation and isolation of palladacycle 8.
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lytic reactivity with the DG component (ArQCHO) are
underway.

Acknowledgements

We thank the Frasche Foundation, the ACS PRF, and the
Welch Foundation (F-1781) for funding. G.D. is a Searle
Scholar and Sloan Fellow. D.M.M. thanks the NSF
(CAREER; CHE-1254935) for the program “Research
Experience for Veteran Students”. We thank Dr. Vince M.
Lynch and Dr. Amber M. Johnson for assistance with X-ray
crystallography and purification, respectively. Johnson Mat-
they is thanked for a generous donation of Pd salts.

Keywords: arylation · C¢H activation · directing groups ·
palladium catalysis · primary amines

How to cite: Angew. Chem. Int. Ed. 2016, 55, 9084–9087
Angew. Chem. 2016, 128, 9230–9233

[1] a) E. Vitaku, D. T. Smith, J. T. Njardarson, J. Med. Chem. 2014,
57, 10257; b) F. Lovering, J. Bikker, C. Humblet, J. Med. Chem.
2009, 52, 6752.

[2] S. Jeanmart, A. J. F. Edmunds, C. Lamberth, M. Pouliot, Bioorg.
Med. Chem. 2016, 24, 317.

[3] a) J. Yamaguchi, A. D. Yamaguchi, K. Itami, Angew. Chem. Int.
Ed. 2012, 51, 8960; Angew. Chem. 2012, 124, 9092; b) W. R.
Gutekunst, P. S. Baran, Chem. Soc. Rev. 2011, 40, 1976; c) L.
McMurray, F. OÏHara, M. J. Gaunt, Chem. Soc. Rev. 2011, 40,
1885; d) K. Godula, D. Sames, Science 2006, 312, 67.

[4] For reviews, see: a) G. He, B. Wang, W. A. Nack, G. Chen, Acc.
Chem. Res. 2016, 49, 635; b) J. L. Roizen, M. E. Harvey, J.
Du Bois, Acc. Chem. Res. 2012, 45, 911; c) H. M. Davies, J.
Du Bois, J.-Q. Yu, Chem. Soc. Rev. 2011, 40, 1855; d) T. W.
Lyons, M. S. Sanford, Chem. Rev. 2010, 110, 1147; e) O. Daugulis,
H.-Q. Do, D. Shabashov, Acc. Chem. Res. 2009, 42, 1074.

[5] For a seminal example, see: V. G. Zaitsev, D. Shabashov, O.
Daugulis, J. Am. Chem. Soc. 2005, 127, 13154.

[6] For examples, see: a) X. Yang, Y. Sun, T. Sun, Y. Rao, Chem.
Commun. 2016, 52, 6423; b) P.-X. Ling, S.-L. Fang, X.-S. Yin, K.
Chen, B.-Z. Sun, B.-F. Shi, Chem. Eur. J. 2015, 21, 17503; c) Y.-F.
Zhang, H.-W. Zhao, H. Wang, J.-B. Wei, Z.-J. Shi, Angew. Chem.
Int. Ed. 2015, 54, 13492; Angew. Chem. 2015, 127, 13694; d) H.-
Y. Xiong, T. Besset, D. Cahard, X. Pannecoucke, J. Org. Chem.
2015, 80, 4204; e) B. Wang, C. Lu, S.-Y. Zhang, G. He, W. A.
Nack, G. Chen, Org. Lett. 2014, 16, 6260; f) L.-S. Zhang, G.
Cheng, X. Wang, Q.-Y. Guo, X.-S. Zhang, F. Pan, K. Chen, Z.-J.
Shi, Angew. Chem. Int. Ed. 2014, 53, 3899; Angew. Chem. 2014,
126, 3980; g) Y. Aihara, N. Chatani, J. Am. Chem. Soc. 2014, 136,
898; h) M. Fan, D. Ma, Angew. Chem. Int. Ed. 2013, 52, 12152;
Angew. Chem. 2013, 125, 12374; i) F. Pan, P.-X. Shen, L.-S.
Zhang, X. Wang, Z.-J. Shi, Org. Lett. 2013, 15, 4758; j) X. Ye, Z.
He, T. Ahmed, K. Weise, N. G. Akhmedov, J. L. Petersen, X. Shi,
Chem. Sci. 2013, 4, 3712; k) S.-Y. Zhang, G. He, W. A. Nack, Y.
Zhao, Q. Li, G. Chen, J. Am. Chem. Soc. 2013, 135, 2124; l) S.-Y.
Zhang, G. He, Y. Zhao, K. Wright, W. A. Nack, G. Chen, J. Am.
Chem. Soc. 2012, 134, 7313; m) E. T. Nadres, O. Daugulis, J. Am.
Chem. Soc. 2012, 134, 7; n) G. He, Y. Zhao, S. Zhang, C. Lu, G.
Chen, J. Am. Chem. Soc. 2012, 134, 3; o) N. Hasegawa, V.
Charra, S. Inoue, Y. Fukumoto, N. Chatani, J. Am. Chem. Soc.
2011, 133, 8070; p) G. He, G. Chen, Angew. Chem. Int. Ed. 2011,
50, 5192; Angew. Chem. 2011, 123, 5298; q) D. Shabashov, O.

Daugulis, J. Am. Chem. Soc. 2010, 132, 3965; r) J. J. Neumann, S.
Rakshit, T. Drçge, F. Glorius, Angew. Chem. Int. Ed. 2009, 48,
6892; Angew. Chem. 2009, 121, 7024; s) D.-H. Wang, X.-S. Hao,
D.-F. Wu, J.-Q. Yu, Org. Lett. 2006, 8, 3387.

[7] a) H. Jiang, J. He, T. Liu, J.-Q. Yu, J. Am. Chem. Soc. 2016, 138,
2055; b) K. S. L. Chan, H.-Y. Fu, J.-Q. Yu, J. Am. Chem. Soc.
2015, 137, 2042; c) M. Yang, B. Su, Y. Wang, K. Chen, X. Jiang,
Y.-F. Zhang, X.-S. Zhang, G. Chen, Y. Cheng, Z. Cao, Q.-Y. Guo,
L. Wang, Z.-J. Shi, Nat. Commun. 2014, 5, 4707; d) L. Chu, K.-J.
Xiao, J.-Q. Yu, Science 2014, 346, 451; e) K. S. L. Chan, M. Wasa,
L. Chu, B. N. Laforteza, M. Miura, J.-Q. Yu, Nat. Chem. 2014, 6,
146; f) N. Rodr�guez, J. Romero-Revilla, M. A. Fern�ndez-
Ib�Çez, J. C. Carretero, Chem. Sci. 2013, 4, 175; g) R. K. Rit,
M. R. Yadav, A. K. Sahoo, Org. Lett. 2012, 14, 3724.

[8] Z. Huang, C. Wang, G. Dong, Angew. Chem. Int. Ed. 2016, 55,
5299; Angew. Chem. 2016, 128, 5385.

[9] M. Kim, J. V. Mulcahy, C. G. Espino, J. Du Bois, Org. Lett. 2006,
8, 1073. For an example of the use of ureas to functionalize an
activated C(sp3)¢H bond, see: C. G. Espino, K. W. Fiori, M. Kim,
J. Du Bois, J. Am. Chem. Soc. 2004, 126, 15378.

[10] J. J. Topczewski, P. J. Cabrera, N. I. Saper, M. S. Sanford, Nature
2016, 531, 220. For a non-directed approach for the functional-
ization of the terminal position of amines, see: M. Lee, M. S.
Sanford, J. Am. Chem. Soc. 2015, 137, 12796.

[11] a) C. He, M. J. Gaunt, Angew. Chem. Int. Ed. 2015, 54, 15840;
Angew. Chem. 2015, 127, 16066; b) A. P. Smalley, M. J. Gaunt, J.
Am. Chem. Soc. 2015, 137, 10632; c) A. McNally, B. Haffemayer,
B. S. L. Collins, M. J. Gaunt, Nature 2014, 510, 129.

[12] a) B. L. Ryland, S. S. Stahl, Angew. Chem. Int. Ed. 2014, 53, 8824;
Angew. Chem. 2014, 126, 8968; b) Z. Shi, M. Suri, F. Glorius,
Angew. Chem. Int. Ed. 2013, 52, 4892; Angew. Chem. 2013, 125,
4992; c) J.-R. Wang, Y. Fu, B.-B. Zhang, X. Cui, L. Liu, Q.-X.
Guo, Tetrahedron Lett. 2006, 47, 8293; d) M. S. Driver, J. F.
Hartwig, J. Am. Chem. Soc. 1996, 118, 7217; e) J. P. Wolfe, S.
Wagaw, S. L. Buchwald, J. Am. Chem. Soc. 1996, 118, 7215.

[13] a) Z. Ren, G. Dong, Organometallics 2016, 35, 1057; b) Y. Xu, G.
Yan, Z. Ren, G. Dong, Nat. Chem. 2015, 7, 829; c) S. J.
Thompson, D. Q. Thach, G. Dong, J. Am. Chem. Soc. 2015,
137, 11586; d) Z. Ren, J. E. Schulz, G. Dong, Org. Lett. 2015, 17,
2696.

[14] For seminal work on using a transient endo-type imine DG in
C(sp2)¢H functionalization, see: a) C.-H. Jun, H. Lee, J.-B.
Hong, J. Org. Chem. 1997, 62, 1200; b) C.-H. Jun, C. W. Moon, J.-
B. Hong, S.-G. Lim, K.-Y. Chung, Y.-H. Kim, Chem. Eur. J. 2002,
8, 485.

[15] For seminal work on using a transient endo-type imine DG for
the g- and b-arylation of aldehydes and ketones, see: F.-L.
Zhang, K. Hong, T.-J. Li, H. Park, J.-Q. Yu, Science 2016, 351,
252.

[16] For an example of using a transient enamine DG in the a-C¢H
alkylation of ketones with olefins, see: F. Mo, G. Dong, Science
2014, 345, 68.

[17] J. A. Johnson, D. Sames, J. Am. Chem. Soc. 2000, 122, 6321.
[18] B. D. Dangel, K. Godula, S. W. Youn, B. Sezen, D. Sames, J. Am.

Chem. Soc. 2002, 124, 11856.
[19] The exact role of the molecular sieves remains to be determined.
[20] For cyclopalladation with a related 2,6-dimethoxyimine sub-

strate, see Ref. [18].
[21] CCDC 1477468 (8) and 1477469 (6h-di) contain the supplemen-

tary crystallographic data for this paper. These data are provided
free of charge by The Cambridge Crystallographic Data Centre.

Received: May 2, 2016
Published online: June 8, 2016

Angewandte
ChemieCommunications

9087Angew. Chem. Int. Ed. 2016, 55, 9084 –9087 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/jm501100b
http://dx.doi.org/10.1021/jm501100b
http://dx.doi.org/10.1021/jm901241e
http://dx.doi.org/10.1021/jm901241e
http://dx.doi.org/10.1016/j.bmc.2015.12.014
http://dx.doi.org/10.1016/j.bmc.2015.12.014
http://dx.doi.org/10.1002/anie.201201666
http://dx.doi.org/10.1002/anie.201201666
http://dx.doi.org/10.1002/ange.201201666
http://dx.doi.org/10.1039/c0cs00182a
http://dx.doi.org/10.1039/c1cs15013h
http://dx.doi.org/10.1039/c1cs15013h
http://dx.doi.org/10.1126/science.1114731
http://dx.doi.org/10.1021/acs.accounts.6b00022
http://dx.doi.org/10.1021/acs.accounts.6b00022
http://dx.doi.org/10.1021/ar200318q
http://dx.doi.org/10.1039/c1cs90010b
http://dx.doi.org/10.1021/cr900184e
http://dx.doi.org/10.1021/ar9000058
http://dx.doi.org/10.1021/ja054549f
http://dx.doi.org/10.1039/C6CC00234J
http://dx.doi.org/10.1039/C6CC00234J
http://dx.doi.org/10.1002/chem.201502621
http://dx.doi.org/10.1002/anie.201508474
http://dx.doi.org/10.1002/anie.201508474
http://dx.doi.org/10.1002/ange.201508474
http://dx.doi.org/10.1021/acs.joc.5b00505
http://dx.doi.org/10.1021/acs.joc.5b00505
http://dx.doi.org/10.1021/ol503248f
http://dx.doi.org/10.1002/anie.201310000
http://dx.doi.org/10.1002/ange.201310000
http://dx.doi.org/10.1002/ange.201310000
http://dx.doi.org/10.1021/ja411715v
http://dx.doi.org/10.1021/ja411715v
http://dx.doi.org/10.1002/anie.201306583
http://dx.doi.org/10.1002/ange.201306583
http://dx.doi.org/10.1021/ol402116a
http://dx.doi.org/10.1039/c3sc51211h
http://dx.doi.org/10.1021/ja312277g
http://dx.doi.org/10.1021/ja3023972
http://dx.doi.org/10.1021/ja3023972
http://dx.doi.org/10.1021/ja210959p
http://dx.doi.org/10.1021/ja210959p
http://dx.doi.org/10.1021/ja210660g
http://dx.doi.org/10.1021/ja2001709
http://dx.doi.org/10.1021/ja2001709
http://dx.doi.org/10.1002/anie.201100984
http://dx.doi.org/10.1002/anie.201100984
http://dx.doi.org/10.1002/ange.201100984
http://dx.doi.org/10.1021/ja910900p
http://dx.doi.org/10.1002/anie.200903035
http://dx.doi.org/10.1002/anie.200903035
http://dx.doi.org/10.1002/ange.200903035
http://dx.doi.org/10.1021/ol061384m
http://dx.doi.org/10.1021/jacs.5b13462
http://dx.doi.org/10.1021/jacs.5b13462
http://dx.doi.org/10.1021/ja512529e
http://dx.doi.org/10.1021/ja512529e
http://dx.doi.org/10.1038/ncomms5707
http://dx.doi.org/10.1126/science.1258538
http://dx.doi.org/10.1038/nchem.1836
http://dx.doi.org/10.1038/nchem.1836
http://dx.doi.org/10.1039/C2SC21162A
http://dx.doi.org/10.1021/ol301579q
http://dx.doi.org/10.1002/anie.201600912
http://dx.doi.org/10.1002/anie.201600912
http://dx.doi.org/10.1002/ange.201600912
http://dx.doi.org/10.1021/ol052920y
http://dx.doi.org/10.1021/ol052920y
http://dx.doi.org/10.1021/ja0446294
http://dx.doi.org/10.1038/nature16957
http://dx.doi.org/10.1038/nature16957
http://dx.doi.org/10.1021/jacs.5b09099
http://dx.doi.org/10.1002/anie.201508912
http://dx.doi.org/10.1002/ange.201508912
http://dx.doi.org/10.1038/nature13389
http://dx.doi.org/10.1002/anie.201403110
http://dx.doi.org/10.1002/ange.201403110
http://dx.doi.org/10.1002/anie.201300477
http://dx.doi.org/10.1002/ange.201300477
http://dx.doi.org/10.1002/ange.201300477
http://dx.doi.org/10.1016/j.tetlet.2006.09.088
http://dx.doi.org/10.1021/ja960937t
http://dx.doi.org/10.1021/ja9608306
http://dx.doi.org/10.1021/acs.organomet.6b00185
http://dx.doi.org/10.1038/nchem.2326
http://dx.doi.org/10.1021/jacs.5b07384
http://dx.doi.org/10.1021/jacs.5b07384
http://dx.doi.org/10.1021/acs.orglett.5b01098
http://dx.doi.org/10.1021/acs.orglett.5b01098
http://dx.doi.org/10.1021/jo961887d
http://dx.doi.org/10.1002/1521-3765(20020118)8:2%3C485::AID-CHEM485%3E3.0.CO;2-1
http://dx.doi.org/10.1002/1521-3765(20020118)8:2%3C485::AID-CHEM485%3E3.0.CO;2-1
http://dx.doi.org/10.1126/science.aad7893
http://dx.doi.org/10.1126/science.aad7893
http://dx.doi.org/10.1126/science.1254465
http://dx.doi.org/10.1126/science.1254465
http://dx.doi.org/10.1021/ja0003223
http://dx.doi.org/10.1021/ja027311p
http://dx.doi.org/10.1021/ja027311p
https://summary.ccdc.cam.ac.uk/structure-summary?doi=10.1002/anie.201604268
http://www.ccdc.cam.ac.uk/
http://www.angewandte.org

